transgenic mice; secreted phosphoprotein 1; peroxisome proliferatoractivated receptor ␥ THE MAMMALIAN NA ϩ /H ϩ EXCHANGERS (NHEs) are a group of integral membrane transport proteins that mediate an electroneutral 1:1 exchange of intracellular H ϩ for extracellular Na ϩ and, in doing so, regulate intracellular pH (pH i ) and cell volume. Ten isoforms of NHE have been described so far; however, NHE isoform 1 (NHE1) is the predominant plasma membrane isoform expressed in the myocardium (21) . Besides being a regulator of pH i and ionic homeostasis, NHE1 also acts as an anchor for actin filaments and a scaffold for an ensemble of signaling complexes. Thus NHE1 regulates a diverse range of cell behaviors, including migration, proliferation, growth, differentiation, cytoskeleton dynamics, and survival (43) .
NHE1 is of particular importance in the myocardium because it has been associated with myocardial ischemia-reperfusion (I/R) injury (33) and maladaptive heart hypertrophy (31) . Enhanced activity of the NHE1 was first reported in the hypertrophic myocardium of spontaneously hypertensive rats by Perez et al. (47) . Thereafter, NHE1 protein expression and activity have been demonstrated to be elevated in a variety of cardiovascular diseases, including in hypertensive, hypertrophied, and diabetic myocardium (7, 18, 30, 32) , in hearts subjected to ischemia (24) , in isolated cardiomyocytes subjected to chronic acidosis (16) , and in patients with end-stage heart failure (55). Inhibition of NHE1 activity has demonstrated cardioprotective roles in many studies (1, 8, 19, 21, 33) .
Because NHE1 expression and activity are elevated in cardiac disorders, we examined transgenic mice with cardiacspecific NHE1 elevation to elucidate NHE1-mediated signals that lead to myocardial injury. Two transgenic mouse lines were studied, the N-line carrying an elevated level of wild-type NHE1 and the K-line carrying an elevated level of activated NHE1. We evaluated the phenotypic effects of elevated NHE1 expression and activity on the heart, including cardiac morphology, histology, and function and also changes in gene expression pattern in NHE1 transgenic mice. The data revealed that expression of activated NHE1 induced pathological cardiac hypertrophy and dysfunction. Upregulation of secreted phosphoprotein 1 (SPP1) and downregulation of peroxisome proliferator-activated receptor (PPAR)␥ likely form the effective signaling pathways that contribute to cardiac pathology when activated NHE1 is elevated.
MATERIALS AND METHODS
NHE1 transgenic mice. Transgenic mice that specifically express NHE1 in the mouse myocardium under control of the cardiac-specific ␣-myosin heavy chain promoter have been described previously (2, 9, 29) . The N-line expresses wild-type NHE1 protein, and a second K-line expresses NHE1 with a mutation in the cytoplasmic regulatory calmodulin binding domain of the protein (Lys641, Arg643, Arg645, and Arg647 were mutated to Glu residues). The mutation causes activation of NHE1 via an alkaline shift in NHE1 pH dependence (3, 9, 29) . Male mice were used for all experiments, and age-matched nontransgenic littermates were used as controls. For phenotypic characterization mice were 10 -12 wk of age, and for gene expression profiling mice were 2 wk old. All animal protocols were approved by the Animal Care Committee of the University of California San Diego, by the University of Alberta Animal Policy and Welfare Committee, and by the Canadian Council on Animal Care.
Heart-to-body weight ratio. Mice were euthanized with halothane, and the hearts were isolated. All extracardiac structures were excised, and hearts were washed in PBS, blotted, and weighed (10). Cardiac hypertrophy was evaluated by measuring heart-to-body weight ratio (HW/BW), in milligrams per gram.
Histology. Hearts were fixed in 10% buffered formalin overnight, embedded in paraffin, and serially sectioned into 5-m slices (6, 40) . Samples were stained with hematoxylin and eosin (H & E) to evaluate gross morphology and cross-sectional area (CSA) or with picrosirius red to assess fibrosis (41) . CSA was measured from digitized images with Image ProPlus version 4.5 (Media Cybermetics, Silver Spring, MD). Digitized images were gathered with a Leica DMIRB microscope (Leica Microsystems, Bannockburn, IL) equipped with a Photometrics CoolSNAP fx camera (Photometrics, Surrey, BC, Canada). Dimensions of at least 100 cells from 3 or 4 sections per heart were measured. Visual fields were accepted for quantification if nuclei were visible and cell membranes were intact (40, 41) . Interstitial fibrosis (IF) was measured from digitized images with Openlab 3.5 (Improvision, Waltham, MA). Digitized images were gathered with a QImaging camera (QImaging, Surrey, BC, Canada) equipped with a Leica DMLA microscope (Leica Microsystems). Ten fields were randomly selected from three or four sections per heart. The maximum fibrosis observed for any section was calculated as the area occupied by red-stained connective tissue divided by the areas occupied by connective tissue plus cardiac myocytes ϫ 100. Intramural vessels, perivascular collagen, endocardium, and trabeculae were excluded (26) .
Echocardiography. Echocardiography was performed on mice anesthetized with isoflurane with the Vevo High-Resolution Imaging System (VisualSonics, Toronto, ON, Canada) equipped with a 35-MHz transducer. Short-axis M-mode analysis, at the level of the papillary muscle, was used for measurement of diastolic and systolic diameters of the left ventricle as well as for the measurement of wall thickness. Pulsed wave Doppler, performed at the levels of the left ventricular outflow tract, the right ventricular outflow tract, and the mitral valve tips, was used to monitor flow pattern and velocity. Myocardial performance index or Tei index was calculated with the following equation: (isovolumic contraction time ϩ isovolumic relaxation time)/ejection time (13) .
Gene expression profiling. Two-week-old mice were chosen to determine early gene expression changes that lead to later phenotypic alterations. At this early age, mice had not developed major pathology. Total RNA was extracted from frozen hearts of wild-type control, N-line, and K-line mice (n ϭ 3/group) with an RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. RNA quality was examined with the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA). Total RNA (300 ng) was used to synthesize biotin-labeled complementary RNA (cRNA) probes with an Illumina RNA amplification kit (Ambion, Austin, TX) as previously described (57) . Illumina Sentrix mouse-6 expression genechips (Illumina, San Diego, CA) were used to determine differences in gene expression (34) . Biotin-labeled cRNA (1.5 g) was added to the chip and incubated for 16 -20 h at 55°C. The bound biotin-labeled cRNA was then stained with streptavidin-Cy3. After hybridization, the genechips were washed, dried, and scanned by the Illumina BeadArray Reader (Illumina); the absolute intensity of each probe on the image was generated with BeadStudio software (Illumina). The difference in expression level was calculated by comparing N-line or K-line with control samples from each chip after cubic spline normalization. The significant threshold was fold change greater than 1.50 and differential score either greater than 13 for upregulation or less than Ϫ13 for downregulation (i.e., adjusted P values Ͻ 0.05). The data sets of chip analyses can be traced under Gene Expression Omnibus (GEO) series access number GSE19819 in the National Center for Biotechnology Information GEO database (http://www.ncbi.nlm.nih.gov/geo). Functional categorization of gene alterations was created with the Ingenuity Pathways Analysis (IPA) program (Ingenuity Systems, Redwood City, CA) (57). The P value for each network or function was calculated with a right-tailed Fisher's exact test. The score for each network or function was shown as Ϫlog10[P value], which indicates the likelihood of finding a set of focus genes in the network or function by random chance. The significance threshold was set to a score of 1.3 (i.e., P Յ 0.05).
Quantitative real-time RT-PCR. Seven differentially expressed genes were randomly selected from genechip experiments and validated by quantitative real-time RT-PCR, as described previously (58) . The primer sets for specific genes were designed with the Primer3 program (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi/) and synthesized by Invitrogen (Carlsbad, CA) (Supplemental Table S1 ). 1 The fold change in expression level for each specific gene was calculated by the 2
Ϫ⌬⌬Ct method (where Ct is threshold cycle) (39), after normalization to ␤-actin (loading controls). The final result represents the mean fold change of three individual transgenic samples over controls.
Statistical analysis. For HW/BW, histology, and echocardiography, all values are expressed as means Ϯ SE or as % of control Ϯ %SE. Groups were compared by both Student's t-test and Wilcoxon signedrank test. For quantitative real-time RT-PCR, groups were compared by the one-way ANOVA with Dunnett posttest. Statistical significance was set to P Ͻ 0.05.
RESULTS
Cardiac hypertrophy, fibrosis, and dysfunction caused by elevation of activated NHE1. N-line and K-line mice have previously been shown to possess approximately two-and threefold increases in NHE1 activity, respectively (9, 29) . Since our previous data also showed that NHE1 transgenic hearts had an enlargement in overall size (29) , in this study we further characterized the cardiac phenotype by examining HW/BW and CSA of the ventricular cardiomyocytes. Figure 1A demonstrates that HW/BW was significantly increased in K-line mice (143 Ϯ 10.0%, P Ͻ 0.05) compared with both control and N-line mice (108.4 Ϯ 7.5%). No significant difference was found in HW/BW between N-line and control mice. The variations in HW/BW between groups were due to changes in heart weight, as there were no significant changes in body weight (data not shown). Figure 1B To determine whether increased NHE1 expression and activity promoted myocardial fibrosis, a manifestation of hearts subjected to intrinsic and external stress, cross sections were stained with picrosirius red (41) . Figure 1C , top, is representative of picrosirius red-stained cross sections of control, Nline, and K-line hearts, and Fig. 1C , bottom, is a quantitative summary of the results. Elevated expression of activated NHE1 (K-line mice) resulted in significantly increased IF (275.4 Ϯ 11.6%, P Ͻ0.05), although a significant increase in IF was not observed in N-line mice.
In vivo echocardiographic assessment of cardiac morphology confirmed our previous indication of NHE1-dependent cardiac hypertrophy. Left ventricular posterior wall thickness, intraventricular septal wall thickness, and left ventricular mass, all indicators of hypertrophy, were significantly greater in K-line mice versus both control and N-line mice (Table 1) . Moreover, K-line mice showed a decrease in systolic function demonstrated by a decrease in left ventricular fractional short-ening and a decrease in diastolic dysfunction demonstrated by an increase in ratio of peak E wave to peak A wave mitral valve velocity. The global deterioration in myocardial performance was further confirmed by the significant increase in the Tei index in K-line compared with control and N-line mice (Table 1) .
Gene expression profile in hearts with elevated NHE1 expression and activity. Since the onset of progressive hypertrophy in NHE1 transgenic hearts was detected at the age of 20 days (44), NHE1 transgene-induced early gene expression changes were examined at the early age of 2 wk. The fold change of each gene expression was calculated by comparing the ratio of K-line and N-line gene expression to that of age-matched controls (Supplemental Tables S2 and S3 ). We observed a marked difference in the transcriptional response between N-line and K-line mice. N-line mice demonstrated modest changes in gene expression in the myocardium (50 upregulations and 99 downregulations, P Ͻ 0.05) (Supplemental Table S2 ), whereas K-line mice showed a strong transcriptional response (640 upregulations and 677 downregulations, P Ͻ 0.05) (Supplemental Table S3 ), approximately nine times the number of genes induced in the N-line mice. In addition, the magnitude of expression alterations was much higher in K-line mice: 538 genes had Ͼ2-fold changes in K-line mice, whereas the number was reduced to 39 genes in N-line mice (Fig. 2, A and B) , indicating that both expression and activation of NHE1 transgene are critical for the induction of transcriptional alterations.
Of the 149 significantly altered genes in the N-line mice, the most upregulated genes were SPP1 (secreted phosphoprotein 1) followed by ITGB6 (integrin ␤6) and CCL12 (C-C motif chemokine ligand 12), while the most downregulated genes were ZBTB16 (zinc finger protein 145), GDF15 (growth differentiation factor 15), and CNKSR1 (connector enhancer of kinase suppressor of Ras 1) (Supplemental Table S2 ). Of the 1,317 significantly altered genes in the K-line mice, the most upregulated genes were SPP1 followed by PIRA6 (paired-Iglike receptor A6) and XIST (inactive X specific transcripts), while the most downregulated genes were HAMP (hepcidin antimicrobial peptide), MYBPH1 (myosin binding protein Hlike), and PRSS35 (serine protease 35) (Supplemental Table S3 ). Unlike N-line mice, K-line mice showed Ͼ100-fold changes in some extreme cases of up-or downregulated genes. Table S4 ). The most pronounced upregulated genes were SPP1, ITGB6, and CCL12, and the most pronounced downregulated genes were ZBTB16, PPARGC1A (peroxisome proliferator-activated receptor ␥, coactivator 1␣), and MAP3K6 (mitogen-activated protein kinase kinase kinase 6). Only six genes were altered in an opposite direction in the two NHE1 transgenic groups (Fig. 2C) , and the alterations were small, less than twofold.
Functional categorization of differentially expressed genes. The data were further analyzed with IPA to better understand the biological significance of these gene changes induced by NHE1. Since NHE1 transgenic mice exhibited cardiac hypertrophy, fibrosis, and dysfunction, our focus centered on the gene changes involved in cardiac pathological processes. Accordingly, 80 genes that have been correlated previously with cardiac pathological function were altered by the NHE1 transgene (Supplemental Table S5 ). The cardiac pathological processes significantly altered in both N-line and K-line mouse hearts were cardiac hypertrophy, cardiac necrosis/cell death, and cardiac infarction (Fig. 3) . Moreover, N-line mice had gene alterations involved in cardiac enlargement, cardiac stenosis, and cardiac hemorrhaging processes (Fig. 3) , while K-line mice had additional gene changes in cardiac dysfunction, cardiac arrhythmia, and tachycardia (Fig. 3) . These data suggest that the type of cardiac pathology varies based on whether NHE1 is expressed as wild type (N-line) or activated form (K-line). Since NHE1 transgenic mice showed interstitial fibrosis at the age of 2.5 mo, cardiac fibrosis-related gene changes were also included in Supplemental Table S5 , although these changes do not reach statistical significance when they are considered as a functional group at the examined age of 2 wk. Additionally, 6-wk-old NHE1 transgenic mice showed more gene alterations involved in cardiac injury and failure than 2-wk-old mice (data not shown), demonstrating a disease progression from early compensatory growth/proliferation to later tissue damage and functional failure.
Of the 80 genes related to cardiac pathology, 5 showed the same trend in expression changes when hearts of N-line were compared with K-line mice. These were SPP1, VCAM1 (vascular cell adhesion molecule 1), EDN1 (endothelin 1), HIF3A (hypoxia-inducible factor 3, ␣-subunit) and PPARGC1A (Supplemental Table S5 ), with SPP1 being the most dramatically altered. Intriguingly, the expression of several genes associated with or regulating SPP1 were also altered in K-line mice (Table 2) , including 1) genes regulated by SPP1, e.g., MMP14 (matrix metalloproteinase 14), CD44, and EGF (epidermal growth factor) (25, 48, 54) ; 2) SPP1-interacting receptors or proteins, e.g., ITGA5, ITGB5 (integrin receptor ␣5, ␤5), CD44, and TRAF3 (TNF receptor-associated factor 3) (5, 27, 37); 3) signaling molecules of SPP1, such as PRKCB, PRKCD (protein kinase C␤, ␦), PIK3CG (phosphoinositide 3-kinase, catalytic, ␥ polypeptide), AKT2 (thymoma viral protooncogene 2), and MAP3K6 (45, 49 -51); 4) the transcriptional regulators of SPP1, e.g., ETV5 (ets variant 5), SCXB (scleraxis homolog B), and CEBPB [CCAAT/ enhancer binding protein (C/EBP), ␤] (17, 38, 42); and 5) the molecules previously reported to increase expression of SPP1 mRNA (28, 53) , e.g., IGF1 (insulin-like growth factor 1) and FN1 (fibronectin 1). Figure 4 illustrates the relationships between these genes and SPP1. Most of these associated gene changes were not detected in N-line hearts.
PPARs are ligand-activated nuclear receptors that play an important role in myocardial metabolism, inflammation, and cardiomyopathic remodeling by transcriptionally regulating gene expression (15) . Expression of PPARG (peroxisome proliferator-activated receptor ␥), its heterodimeric partner RXRG (retinoid X receptor ␥), and coactivator PPARGC1A were all decreased in K-line hearts (Supplemental Table S3 ). Furthermore, the target genes of PPARG (11, 36, 46, 56) , e.g., SPP1, NPPB (natriuretic peptide precursor B), VCAM1, and TPM2 (tropomyosin 2␤), were also significantly altered (Supplemental Table S3 ) in K-line mice. These data indicate that PPARG pathway may contribute to cardiac pathology in K-line mice. For N-line hearts, only PPARGC1A, SPP1, and VCAM1 showed significant expression changes among the genes related to the PPARG pathway.
NHE1 is known to be a key downstream mediator of cardiac hypertrophy produced by endothelin-1 via endothelin receptor type A (ETA) (22) . In K-line mice, expression of both EDN1 and ETA were reduced, possibly reflecting a negative-feedback regulatory loop (Supplemental Table S3 ).
To gain insight into the molecular mechanisms of NHE1 action, we also classified the differentially expressed genes on The differentially expressed genes in K-line transgenic hearts were probed with Illumina mouse-6 expression genechips and determined by comparing K-line with controls. The significant threshold was fold change Ͼ1.50 and differential score either Ͼ13 for upregulation or Ͻ Ϫ13 for downregulation (i.e., adjusted P Ͻ 0.05). Positive fold change represents upregulation, while negative fold change represents downregulation. the basis of molecular and cellular functions. The top-ranked functions were cell death, cellular movement, cell-to-cell signaling and interaction, cellular growth and proliferation, and cellular function and maintenance, etc. in both N-line and K-line mice (data not shown). These results indicate that elevated NHE1 expression and activity induces gene changes leading to cell death.
Gene expression of NHE1 functionally related molecules. Gene expression of NHE1 functionally related molecules was examined to determine whether elevated expression of NHE1 in the myocardium affected the expression of these genes. No significant difference was detected among N-and K-lines and controls regarding gene expression of proteins involved in pH i regulation and Na ϩ and Ca 2ϩ fluxes, including Na Table S3 ). NHE1 anchors actin filaments by direct binding to the ezrin-radixin- Fig. 4 . The network between secreted phosphoprotein 1 (SPP1) and its related differentially expressed genes generated by IPA. The network is displayed graphically as nodes (genes/proteins) and edges (biological relationships between nodes). The intensity of the node color indicates the degree of upregulation (red) or downregulation (green). Edges with various labels indicate the nature of the relationship between the nodes as follows: A, activation; E, expression; I, inhibition; L, proteolysis; LO, localization; M, biochemical modification; P, phosphorylation/dephosphorylation; PD, protein-DNA binding; PP, protein-protein binding; PR, protein-RNA binding; RB, regulation of binding; T, transcription; TR, translocation. Straight lines denote direct interactions, and dashed lines denote indirect interactions. moesin (ERM) family. The expression of moesin gene was elevated only in K-line mice (Supplemental Table S3 ), while there were no evident changes in expression of ezrin and radixin genes. Among the kinases that modulate NHE1 activity, expression of Rho-activated kinase 1 (ROCK1), PIK3CG, PRKCB, PRKCD, and mitogen-activated protein kinase kinase kinase 5 (MAP3K5) were upregulated only in K-line mice (Supplemental Table S3 ). In contrast, expression of MAP3K6 and AKT2 were downregulated (Supplemental Table S3 ). No apparent differences were found for the genes encoding p38 mitogen-activated protein kinase, p90 ribosomal s6 kinase (P90RSK), and protein kinase A (PKA) (data not shown). 
Validation of genechip results with quantitative real-time

DISCUSSION
NHE1 has been demonstrated to play pathological roles in cardiovascular disorders, including in I/R injury, hypertrophy, and heart failure (1, 21, 33) . Our studies (present data) and the studies of Nakamura's group (44) have shown that increased expression of constitutively active NHE1 is important in mediating cardiac hypertrophy. A variety of stimuli can lead to cardiac hypertrophy, including elevated arterial blood pressure, myocardial infarction, valvular heart disease, and cardiomyopathy (23) . NHE1 inhibition has been proven to prevent or induce regression of hypertrophy in several models of cardiac hypertrophy (6, 7, 18, 19, 32, 35, 40) . However, it is still largely unknown by what mechanism(s) elevated NHE1 propagates hypertrophic injury, although a number of pathways have been proposed (20, 44) . Therefore, to address this question, transgenic mice with elevated myocardial NHE1 were generated and we assessed the early causal pathways involved in the detrimental effects of NHE1 expression.
The initial characterization of the transgenic mice demonstrated that elevated expression of NHE1 generated a prohypertrophic effect but only in mice that expressed an activated form of NHE1. K-line mice showed increased cardiomyocyte size (CSA), increased HW/BW, and IF. In addition, these K-line mice developed a number of functional abnormalities. These results are in general agreement with a recent study (44) that expressed activated NHE1 in transgenic mice by using a large deletion of the 637-656 bp region. However, in our study we used specific point mutations rather than a large deletion. In addition, we made a transgenic mouse that expressed a wildtype NHE1 protein with normal activity, and these mice remained principally equivalent to control mice. This indicates that an activated form of NHE1 was required to induce the majority of the detrimental effects.
The examination of the gene expression profile in NHE1 transgenic mice at the age of 2 wk revealed that elevated NHE1 activity elicited large-scale gene expression changes before the development of hypertrophy and fibrosis. Elevated expression of the NHE1 protein alone without activation induced fewer gene alterations. At least three general novel observations were made in the present study. First, SPP1 signaling was significantly upregulated by increases in activated NHE1. SPP1, also known as osteopontin, is a matricellular protein that can be synthesized by several cell types, including cardiac myocytes, macrophages, microvascular endothelial cells, smooth muscle cells, and fibroblasts (45, 49 -51) . Expression of SPP1 is high Fig. 6 . Schematic illustration of potential pathways mediated by SPP1 or peroxisome proliferator-activated receptor ␥ (PPARG), which underlie prohypertrophic and profibrotic effects of elevated activated NHE1. Increased SPP1 by elevation of activated NHE1 promotes collagen synthesis and deposition and also regulates expression/activity of matrix metalloproteinases (MMPs), thus mediating extracellular matrix remodeling after tissue injury. Through interaction with integrin receptors or hyaluronic receptor CD44, SPP1 induces cytoskeletal rearrangement and consequent deadhesion, thus facilitating cell migration, infiltration, and spreading. SPP1 also activates downstream signaling and modulates cell growth, proliferation, and survival, which contribute to cardiac hypertrophy and fibrosis. Furthermore, SPP1 mediates transforming growth factor-␤ (TGF-␤)-induced myofibroblast differentiation/activation and plays a pivotal role in fibrosis. Upon ligand activation, PPARG heterodimerizes with its obligate partner retinoid X receptor (RXR) and recruits transcriptional coactivator peroxisome proliferator-activated receptor ␥, coactivator 1␣ (PPARGC1A), then binds to PPAR response elements (PPRE) in the promoter regions of target genes, thus controlling gene expression that protects myocardium from inflammation, hypertrophy, fibrosis, and ischemia-reperfusion injury. Present data reveal that elevated activated NHE1 reduced PPARG/ RXR/PPARGC1A expression, thereby promoting the development of cardiac hypertrophy and fibrosis. Gene expression of circled molecules (solid circle, upregulation; dashed circle, downregulation) were simultaneously altered in NHE1 K-line hearts. during embryogenesis but is almost absent in postnatal healthy myocardium (49) . Reinduction of SPP1 expression is observed in various cardiac pathologies including in heritable cardiomyopathy of Syrian hamsters, in spontaneous hypertensive and aortic banded rats, in pressure-overload hypertrophy, in myocardial infarction, in patients with advanced heart failure, and in atherosclerosis (45, 49 -51) . SPP1 is important in myocardial remodeling, cardiac hypertrophy, and fibrosis (45, 49 -51) . It recruits macrophages and T cells to sites of injury and inflammation and also regulates the production of inflammatory cytokines and nitric oxide in macrophages. SPP1 directly interacts with fibronectin and certain types of collagen, promotes collagen synthesis and deposition, and also regulates expression and activity of matrix metalloproteinases (MMPs), thus mediating extracellular matrix reorganization (remodeling) after tissue injury. SPP1 modulates myocardial hypertrophy, probably via integrin-associated signaling, and is required for myofibroblast differentiation and activation induced by transforming growth factor-␤ (TGF-␤) (45, 49 -51) . Interestingly, the gene expression of all these SPP1-related molecules, including MMP, fibronectin, procollagens, integrin receptors, CD44, TGF-␤ receptor, and signaling kinases, were elevated with expression of activated NHE1 ( Table 2 ). The results strongly suggest that SPP1 and its associated signaling are key players in NHE1-induced cardiac pathology. Figure 6 outlines potential mechanisms by which increased SPP1 may play a role in myocardial remodeling, fibrosis, and hypertrophy.
Second, PPARG, its heterodimeric partner RXR, and coactivator PPARGC1A were all significantly downregulated in K-line hearts. When engaged by its ligand, PPARG heterodimerizes with its obligate partner RXR and recruits transcriptional coactivator PPARGC1A (Fig. 6 ). This complex then binds to specific PPAR response elements (PPREs) in the promoter regions of target genes and controls gene expression that protects the myocardium from inflammation, hypertrophy, fibrosis, and I/R injury (15, 52) . Cardiomyocyte-specific PPAR-␥ knockout mice (4, 12, 14) develop progressive cardiac hypertrophy accompanied by increased expression of cardiac embryonic genes and elevated nuclear factor-B activity (14) or mitochondrial oxidative damage (12) . Most of these knockout mice die from dilated cardiomyopathy or heart failure (12) . Therefore, in the present study, reduced expression of PPARG, RXR, and PPARGC1A induced by elevated expression of activated NHE1 could contribute to the observed cardiac hypertrophy in K-line mice. Intriguingly, it has been reported that SPP1 expression in cardiomyocytes and/or macrophages is affected by PPARG (4). Although it is unknown whether SPP1 gene expression is regulated by PPARG in NHE1 K-line mice, both increased SPP1 and decreased PPARG can lead to cardiac hypertrophy and fibrosis (Fig. 6) .
A third novel observation of this study is that elevated expression and activity of NHE1 did not significantly change mRNA levels of other regulatory proteins involved in pH i regulation and Na ϩ , Ca 2ϩ flux, including Na ] i trigger hypertrophic changes in the myocardium. They also showed that calcineurin and CaMKII were highly activated in transgenic hearts, accompanied by nuclear translocation of NFAT (nuclear factor of activated T cells) and nuclear export of HDAC4 (histone deacetylase 4), which can alter hypertrophy-associated gene expression (44) . In our transgenic mice, changes in gene expression of calcineurin, CaMKII, NFAT, and HDAC4 were not evident. The data suggest that modifications of calcineurin-NFAT and CaMKII-HDAC4 pathways by elevated NHE1 occurred at a posttranscriptional level.
Our present study has demonstrated that increased expression of activated NHE1 alone is sufficient to induce myocardial injury, including cardiac hypertrophy, IF, cardiac dysfunction, and, in the long-term, development of heart failure and increased mortality with aging. Analysis of gene expression pattern in NHE1 transgenic hearts enabled us to identify potentially disease-causing genes, such as SPP1, PPARG, and their associated genes. In addition, we propose pathways mediated by these molecules that may underlie myocardial injury (Fig. 6 ). The question remains as to how NHE1 orchestrates these gene expression changes. Are these changes adaptive or maladaptive? Do SPP1 and PPARG act additively or synergistically? We still do not have clear answers for these questions at present.
